Hypertrophic cardiomyopathy (HCM) can be caused by mutations in genes encoding for the ventricular myosin essential and regulatory light chains. In contrast to other HCM disease genes, only a few studies describing disease-associated mutations in the myosin light chain genes have been published. Therefore, we aimed to conduct a systematic screening for mutations in the ventricular myosin light chain genes in a group of clinically well-characterised HCM patients. Further, we assessed whether the detected mutations are associated with malignant or benign phenotype in the respective families. We analysed 186 unrelated individuals with HCM for the human ventricular myosin regulatory (MYL2) and essential light chain genes (MYL3) using polymerase chain reaction, single strand conformation polymorphism analysis and automated sequencing. We found eight single nucleotide polymorphisms in exonic and adjacent intronic regions of MYL2 and MYL3. Two MYL2 missense mutations were identified in two Caucasian families while no mutation was found in MYL3. The mutation Glu22Lys was associated with moderate septal hypertrophy, a late onset of clinical manifestation, and benign disease course and prognosis. The mutation Arg58Gln showed also moderate septal hypertrophy, but, in contrast, it was associated with an early onset of clinical manifestation and premature sudden cardiac death. In conclusion, myosin light chain mutations are a very rare cause of HCM responsible for about 1% of cases. Mutations in MYL2 could be associated with both benign and malignant HCM phenotype.
Introduction
Hypertrophic cardiomyopathy is a heart disorder characterised by left and/or right ventricular hypertrophy, which is usually asymmetric and involves the interventricular septum. 1 The prevalence of HCM in the general population is believed to be 0.2%. 2 The clinical expression of hypertrophy, course of the disease and prognosis of the patients show wide heterogeneity. In the majority of patients the disease is benign, but some patients show a high incidence of sudden death. 3, 4 Some of the identified causal mutations have been shown to be associated with a poor prognosis of HCM and a high incidence of sudden cardiac death. 5 The majority of HCM is familial with an autosomal dominant pattern of inheritance. Mutations in 10 different genes all encoding for sarcomeric proteins have been shown to cause the disease. 6 In addition to this locus heterogeneity, there is a wide allelic heterogeneity; about 100 different mutations have been identified in these disease genes. 7 Only a few families with mutations in the ventricular myosin essential (ELC) and regulatory (RLC) light chain genes have been reported so far worldwide. 8 -11 Therefore, it is difficult to get reliable data for genotype/phenotype correlations in these HCM disease genes. The RLC is encoded by the MYL2 gene located on chromosome 12q23 -q24.3 and consists of 166 amino acids. 12 The ELC composed of 194 amino acids is encoded by the MYL3 gene mapped to chromosome 3p. 13 Myosin consists of two heavy chains and two pairs of light chains. The light chains stabilise the a-helical neck region of myosin and are located in close proximity to the myosin ATP binding and actin binding domains. 14, 15 Apart from the structural role, ELC and RLC are assumed to modulate and regulate actinmyosin interaction in striated muscle. 16, 17 We conducted a systematic screening for mutations in the ventricular myosin light chain genes in a group of 186 clinically well-characterised HCM patients. We found a number of genetic variants in MYL2 and in MYL3 as well as two mutations in MYL2 associated with HCM in two families. Further, we showed that mutations in MYL2 are associated with either benign or malignant HCM phenotype depending on the respective mutation.
Methods

Clinical evaluation
Informed consent was obtained in accordance with the guidelines of the ethical commission of the Charité/FranzVolhard-Klinik Berlin, the National Center for Cardiology and Internal Medicine Bishkek, Hospital Pulido Valente Lisbon, and Klinik für Thorax-und kardiovaskuläre Chirurgie Düsseldorf. Clinical evaluation was performed and blood samples were drawn from 186 unrelated patients with HCM, 14 family members, and 210 control individuals. All patients were evaluated on the basis of medical history, physical examination, 12-lead electrocardiogram, M/Bmode and Doppler echocardiography, and, in some cases, Holter electrocardiography (Holter ECG), heart catheterisation, and cardiac magnetic resonance imaging. The echocardiographic evaluation was performed without knowledge of genetic results according to guidelines of the American Society of Echocardiography. 18 Left ventricular (LV) wall thickness of 513 mm 19 was used as the inclusion criterion in the absence of other known causes for LV hypertrophy (eg hypertension, aortic stenosis, etc). In family members, LV wall thickness was evaluated in relation to age, weight and body surface area according to Henry et al.
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Genetic screening Genomic DNA was isolated by standard techniques. Seven coding exons of MYL2 and six coding exons of MYL3 were amplified using polymerase chain reaction. Oligonucleotide primers were designed in the exon flanking intronic regions on the basis of reference sequences from GenBank (Table 1) . Reference genomic DNA sequence accession numbers are L01652 and J04462 for MYL2 and MYL3, respectively; reference cDNA sequence accession numbers are X66141 and M24122 for MYL2 and MYL3, respectively. Mutation screening was performed by single strand conformation polymorphism analysis (SSCP) under two different conditions with respect to gel composition and running temperature. Bands were vizualised by silver staining according to the standard protocol (Pharmacia, Sweden). Samples with aberrant band patterns were subjected to automated sequencing of both strands using dye primer chemistry on a 373 DNA sequencing system (Applied Biosystems, USA).
Screening for mutation Gly22Lys in MYL2 within family K and controls was done by restriction enzyme digestion with Taq I (New England Biolabs, USA). Restriction enzyme Sty I (New England Biolabs, USA) was used to confirm the 169C4G sequence variant in MYL2.
Statistical analysis was performed using software StatView (Abacus Concepts Inc, Berkeley, California, USA). 
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Results
A total of 186 unrelated HCM patients including 119 males and 67 females aged 14 -85 were examined for genetic variants in MYL2 and MYL3. Clinical data of these patients are summarized in Table 2 .
Genetic variants in the human MYL2 and MYL3 genes Eight single nucleotide polymorphisms (SNP) were identified in MYL2 and MYL3. Furthermore, a number of differences were identified compared to the reference sequences (see overview in Figure 1) .
Three rare SNPs, which did not change the amino acid, were detected in coding regions. Each of these SNPs was identified only in one individual out of 186 patients. The 132T4C (Ile44Ile) substitution was detected in exon 3 of MYL2. The other two substitutions, 69C4T (Pro23Pro) and 420C4T (Phe140Phe), were identified in MYL3 in exons 1 and 4, respectively. Five more frequent SNPs were located in the exon flanking regions of introns 4 and 5 of MYL2 (three nucleotide substitutions, one insertion and one deletion). We detected no intronic SNP in MYL3.
Compared to the reference sequences of MYL2 and MYL3, we detected 24 nucleotide differences. These 24 nucleotide differences were considered as differences from the reference sequence rather than polymorphisms because they were present in all patient and control samples sequenced by us. The differences from the MYL2 reference genomic sequence were present mostly as nucleotide substitutions (n=10). In MYL3 they were present mostly as nucleotide insertions (n=7). Four single nucleotide deletions and two insertions were detected in the MYL2 sequence. All differences in both genes were located in noncoding regions apart from variants 240A4T (exon 4) and 169C4G (exon 3) in MYL2. An interesting finding is the 169C4G variant located at the donor site of exon 3. Furthermore, we detected the lack of adenine and guanine in the acceptor splice region of exon 4 and found another adenine-guanine splice site three nucleotides upstream. Therefore, the acceptor splice site of exon 4 was shifted three nucleotides upstream (see Figure 2A ). This finding was in agreement with the reference cDNA sequence and was confirmed by J Flavigny, Paris (personal communication).
Missense mutations in human MYL2
We identified two missense mutations, Glu22Lys and Arg58Gln, in human MYL2 in two unrelated individuals out of 186 HCM patients examined (Figure 1 ).
The mutation Glu22Lys was initially observed in proband II-3 of family K who showed a clear SSCP abnormality in exon 2 of MYL2. DNA sequencing revealed a heterozygous G-to-A substitution at nucleotide 64 resulting in a replacement of glutamic acid by lysine (Figure 2 ). This base change caused a loss of one of two normal Taq I restriction sites in the exon 2 amplimer allowing its independent confirmation by restriction enzyme digestion. The same Glu22Lys mutation was detected in further six individuals of family K (II-5, III-2, III-3, III-5, IV-1, and IV-2) ( Figure  3 ). Two hundred and ten control alleles failed to show this mutation. Within genetically affected members of family K, four individuals (II-3, III-5, IV-1, and IV-2) had apparent HCM (Table 3 ). The phenotype of the remaining individuals II-5, III-2, and III-3 was defined as 'uncertain': individuals II-5 and III-2 did not fulfil the diagnostic criteria of HCM while in the case of individual III-3 only ECG but no echo data were available. The members of family K had mild to moderate septal hypertrophy and no outflow tract obstruction. All genetically affected individuals were asymptomatic, apart from proband II-3 and his sister II-5, who reported periodic chest pain and dyspnea; proband II-3 had also reported palpitations. The mutation Arg58Gln was initially identified in proband II-2 of family B who showed an aberrant band pattern on SSCP analysis of exon 4 of MYL2. DNA sequencing revealed a heterozygous G-to-A transition at nucleotide 173 causing a change of arginine to glutamine at codon 58 (Figure 2 ). The Arg58Gln mutation was not observed in 210 control alleles subjected to SSCP analysis. The mutation was not found in proband's mother I-2 who showed normal cardiac findings (Figure 3 ). In two other family members, proband's father I-1 and sister II-1, the genetic analysis could not be performed, because they died and no DNA could be obtained. The proband of family B had nonobstructive HCM first diagnosed at the age of 7 years. Clinical symptoms included premature fatigue on exertion, palpitations, and dizziness. Because of observation of ventricular tachycardia degenerating into ventricular fibrillation on electrophysiological examination, the proband underwent an implantation of a cardioverter defibrillator at the age of 25. She also had recurrent events of supraventricular tachycardia. Echocardiography revealed asymmetric septal hypertrophy extending to the LV apex and lateral free wall (Table 3) . Her sister, who suffered from asymmetric obstructive HCM, died suddenly at the age of 21. Also her father died unexpectedly at young age; HCM was found on autopsy.
Discussion
We screened a group 186 unrelated HCM patients and identified genetic variants in both human ventricular myosin light chain genes. Two mutations in the RLC gene (MYL2) were found in two Caucasian families while no mutation was detected in the ELC gene (MYL3). Further, we showed that mutations in MYL2 are associated with either benign or malignant HCM phenotype.
The identification of a large number of genetic variants showed the high sensitivity and accuracy of our screening method. Sequencing confirmed all aberrant band patterns detected by SSCP. Therefore, we believe that we might have missed possibly only few variants in these genes. Other studies showed that sensitivities of about 90% can be achieved using SSCP as a screening method. 22 Eight SNPs were identified in intronic and exonic regions of MYL2 and MYL3. The exon flanking regions of introns 4 and 5 of MYL2 seem to be highly polymorphic since five of the 
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ZT Kabaeva et al 744 eight SNPs were located there. Further studies are needed to estimate the frequency of the identified SNPs in patient cohorts and in the general population and whether they have a potential functional implication for the disease. The 24 differences from the reference sequences detected by us underline how frequent sequencing errors occur and how careful one should be to use reference sequences. Missense mutations in MYL2 were present in about 1% of examined HCM cases whereas no mutation was identified in MYL3. This indicates that the frequency of mutations in these genes seems to be lower than estimated by In contrast to other HCM disease genes, only four studies on ELC/RLC mutations have been published. 8 -11 Consequently, detailed phenotypic data on families with myosin light chain mutations remain as rare as mutations in these genes; very little is known about disease course and prognosis. Especially in this rare form of HCM, every single family identified is valuable. The data presented in this work show that clinical phenotypes associated with myosin light chain mutations differ markedly. The Glu22Lys mutation in MYL2 cosegregated with HCM in family K across three generations with affecteds in each generation. This is the largest family with this mutation reported until now. Poetter et al.
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, who identified two brothers and one unrelated individual with the Glu22Lys mutation, described briefly a phenotype with massive hypertrophy of the cardiac papillary muscles and adjacent ventricular tissue causing midcavity obstruction but presented no data about course and prognosis. In our study, none of the individuals bearing the Glu22Lys mutation had massive midventricular hypertrophy. Therefore, this phenotype seems not to be specific for patients with mutations in RLC, as it has been also proposed by a recent study. 11 Further, we observed that the Glu22Lys mutation was associated with favourable disease course and prognosis. There was no case of sudden cardiac death in the family and most of the affected family members had only mild hypertrophy, late onset of symptoms or no symptoms at all.
In contrast, the Arg58Gln mutation in MYL2 identified in family B was associated with two cases of premature sudden cardiac death. Although we could not perform genetic analysis on these two deceased individuals they could be considered as obligate carriers of this mutation. Further, the mutation was associated with symptoms manifesting in early childhood as premature fatigue and later as arrhythmias. The pattern of LV hypertrophy was similar to the classical phenotype described by Flavigny et al. 9 This study also reported two cases of sudden death at young age in a family with the Arg58Gln mutation. Although another study suggested that myosin light chain mutations cause only a benign HCM phenotype, 11 the pooled data from the study of Flavigny et al. 9 and our study suggest that the Arg58Gln mutation is malignant and associated with early clinical manifestation of HCM and poor prognosis. Because of the known clinical heterogeneity of HCM, genotyping for this mutation to improve risk stratification in HCM patients is premature at the moment. The identification of these two known mutations in our study population suggests that the codons 22 and 58 are highly susceptible to mutations ('hot spots'). Several observations support that these two mutations indeed cause HCM. First, there was a clear cosegregation of the Glu22Lys and Arg58Gln mutation with HCM in the present and in previous studies: the mutations were present in all clinically affected family members. Second, neither of these mutations was observed in control individuals of Caucasian origin (210 alleles) indicating that they are not common polymorphisms. Previous screening excluded mutations in the myosin binding protein C and cardiac a-actin genes in the patients with the RLC mutations. Third, the altered residues as well as flanking sequences show strong evolutionary conservation across vertebrate species suggesting an important functional role. Both mutations are located in the amino-terminal half of the RLC containing putative phosphorylation and calcium binding domains. Thus, this mutation may alter function of the myosin molecule.
Szsesna et al. 23 investigated the effects of the Glu22Lys 
Conclusion
Ventricular myosin regulatory light chain mutations are a very rare cause of HCM because they were present in about 1% of cases; mutations in the essential light chain are even rarer. Especially in this form of HCM, data from every single family identified help to correlate genotype and phenotype. We showed that mutations in RLC could be associated with either benign or malignant HCM phenotype. The Glu22Lys mutation was associated with late onset of clinical symptoms and good prognosis whereas the Arg58Gln mutation was associated with early clinical manifestation and premature sudden cardiac death.
